To uncover the underlying mechanisms of mental disorders such as attention deficit hyperactivity disorder (ADHD) for improving both early diagnosis and therapy, it is increasingly recognized that we need a better understanding of how the brain's functional connections are altered. A new brain wide association study (BWAS) has been developed and used to investigate functional connectivity changes in the brains of patients suffering from ADHD using resting state fMRI data. To reliably find out the most significantly altered functional connectivity links and associate them with ADHD, a meta-analysis on a cohort of ever reported largest population comprising 249 patients and 253 healthy controls is carried out. The greatest change in ADHD patients was the increased coupling of the saliency network involving the anterior cingulate gyrus and anterior insula. A voxel-based morphometry analysis was also carried out but this revealed no evidence in the ADHD patients for altered grey matter volumes in the regions showing altered functional connectivity. This is the first evidence for the involvement of the saliency network in ADHD and it suggests that this may reflect increased sensitivity over the integration of the incoming sensory information and his/her own thoughts and the network as a switch is bias towards to the central executive network.
INTRODUCTION
At the brain circuit level, most of what we understand about ADHD and its biological abnormalities during the resting state comes from fMRI studies targeting changes in a small number of brain regions, as recently reviewed in (1, 2) . These studies have suggested the involvement of a default mode network including the dorsal anterior cingulate cortex and some subcortical areas such as amygdala and putamen (3) (4) (5) (6) (7) . However, the conclusions drawn from these studies are based on either seed-based analysis or independent component analysis (ICA) and are questionable in spite of the wide and successful application of such methods in the analysis of resting state fMRI data (8) (9) (10) (11) (12) (13) . Seed-based analysis is a hypothesis-driven approach which means the foci (seeds) of the disorder must be specified a priori. It is therefore a biased approach lacking a global and independent view (14) . With the ICA approach it is assumed that the human brain is composed of independent components whereas in reality different parts of the human brain undoubtedly work in a coordinated fashion. Hence, given the complexity and multiple causes of ADHD together with variability between individuals, a novel, unbiased approach is urgently called for which identifies key pathway changes in a holistic manner.
In (15) , we have adopted a third and holistic approach aiming to un-ambiguously identify the key connections which are modified in the brains of depression patients. However, the population is quite small which refrains us from using a proper association study since no functional connectivity can survive after a multi-comparison correction. Here we have further developed a new brain wide association study (BWAS) and applied it to by far the largest population with ADHD in the literature (see Fig. 1 ). Voxel-based morphometry analysis was also carried out to assess whether gray or white matter volume changes occurred in those brain regions of ADHD patients showing altered functional connectivity.
The most significant differences between ADHD patients and healthy populations occurred in inter-community rather than intra-community links (15) . The greatest change was in the salience network, comprising the anterior insula and anterior cingular gyrus (16) , (see Fig. 2 ), where the coupling between these regions was increased in ADHD patients in left-hemisphere. It has been proposed that the primary role of the salience network is the integration of sensations, internally generated thoughts and information about goals and plans in order to update expectations about the internal and external milieu and, if necessary, to allow action to be initiated or modified (17) . The salience network serves as a switch between internal status (default mode network) and central executive network (17) .
Our finding here suggests that in ADHD, due to the increasing of the coupling in the salience network, a patient is more sensitive to external stimuli or internal thoughts and the switch could bias toward central executive network. This is the first time that changes in the functional connectivity of the salience network have been identified in the brains of ADHD patients, although its role has been reported in schizophrenia and many other cognitive tasks (18) . Actually, our result is also the first one to demonstrate that the salience network does play a cardinal role in psychosis (18) .
RESULTS

Canonical template
The six-community structure constructed for the whole brain from 253 healthy subjects is shown in Fig. S1 . Each link represents a significant link between two brain regions, with their full names listed in Table 1 .
For clarity, we do not specify the left and right for each region and the existence of the six communities in the whole brain is as reported before (15) . We have observed this same structure in an even larger population of around 400 people (data from Cambridge USA and Beijing publicly available in (19) , results not shown). The six communities correspond to six Resting State Networks (RSN) which can be identified in terms of broad functions and can be classified as a default mode network (DMN) (RSN1), an attention network (RSN2), a visual recognition network (RSN3), an auditory network (RSN4), sensory-motor areas (RSN5) and a subcortical network (RSN6).
PU and NYU patients For both PU and NYU patients, functional maps were constructed and compared with those for the healthy subject group. Comparing the patient network with the canonical template from healthy subjects is described in detail in (15) . In order to rank the significance of the change for each link, a score is defined as follows for each particular link:
where S is the score for a particular link, P L is the number of this link present in the individual networks of ADHD, P N is the total number of patients, H L is the number of this link present in the individual networks of normal controls, and H N is the total number of healthy controls. We carried out a BWAS on total scores for different circuits to assess significance of changes in ADHD patients. After applying BWAS approach to our network, there are 9 links as in Table 2 which are statistically significant after the meta-study approach by pooling the two groups together. It can be seen from these figures that the strongest evidence for enhanced connectivity compared with control subjects in both PU and NYU is that between the insula and anterior cingulate gyrus in left brain hemispheres and HIP (right), see Table 2 for more details.
In order to validate our findings, we have further carried out an (semi-independent) study for both PU group and NYU group, with a prefixed p=0.05. 176 links (without correction) are found to be significant in PU group and 102 links in NYU group. The common links among these three studies (meta-analysis, PU, NYU) are four links: they are the saliency network, the ORBmed right to the left PCG ,the left TPOsup to the right TPOsup and the right ITG and the right PHG. Different ways of applying BWAS approach to the two datasets have been used, as shown in supplemental materials and further confirmed our findings. An alternative way of truly independent replicate method is worked out as described in Supplemental materials (Fig. S2 ) and we further confirmed that the sali-ence network has increased its links in patients, although the other links can not survive after correction.
Voxel-based morphometry analysis revealed no significant (p > 0.05 t-test with Bonferroni correction) grey matter volume reductions in these pathways (See Supplementary Tables S1 for details of the grey/white matter volumes of the ROIs involved in these pathways for both patients and normal controls are listed).
Source Locations
After locating the main changes between healthy controls and ADHD patients, we now move a step forward to identity the exact location of the changed coupling between anterior cingulate gyrus and insula. Actually, it is reported that the saliency network is mainly involved the anterior insula (18) . To the end, for each pair of voxels in insula and anterior cingular gyrus, we calculate the correlation coefficients between healthy controls and patients. The remaining significant volumes are plotted in warm color as in Fig. 3 . The centre coordinates for the left insula and the left anterior cingulate gyrus source are (-38, 24, 5), (-14, 48, 13) in MNI space respectively, which are denoted by green stars. As is clearly shown, the involved part of insula in enhanced coupling lies at the anterior part of the insula.
Correlation between various scores
After locating the most significant changed voxels (regions), we now Table 3 .
Imaging acquisitions and data preprocessing
All functional imaging data were acquired using AFNI (an acronym for All voxel based morphometry were processed (grey matter and white matter) with DARTEL based on the SPM software package in Burner pipeline from the ADHD-200 consortium. The Burner pipeline includes modulated and normalized grey matter maps generated using SPM8
(University College London, UK; http://www.fil.ion.ucl.ac.uk/spm).
There are three steps in Burner pipeline. Firstly, T1 images were segmented into grey matter and white matter probability maps using "New Segmentation" in SPM8. The tissue maps were rigidly aligned (translation and rotation). Next, Inter subject normalization was performed using DARTEL toolbox in SPM8. Images were iteratively registered to the group average (population template), and template was updated iteratively. This resulted finer and finer registration. Lastly, the registration pa- 
Construction of whole-brain functional network
After data preprocessing, the time series were extracted in each ROI by averaging the signals of all voxels within that region. 
Community mining algorithm
A network community generally refers to a group of vertices within which the connecting links are dense but sparse in between. In this study, a community structure of the functional network of the brain corresponds to groups of brain regions that have similar functions and dense functional connectivity with each other. Our former developed community mining algorithm described in (20) tries to explore the notion of network modularity by means of understanding the dynamics of the network, which can naturally reflect the intrinsic properties of the network with modularity structure and exhibit local mixing behaviors. Based on large deviation theory (20) , this algorithm sheds light on the fundamental significance of the network communities and the intrinsic relationships between the modularity and the characteristics of the network.
Brain-wide Association Study
BWAS approach is very similar to the GWAS approach. In GWAS, we associate genes with disease, with a p-value which should be significant enough to survive a correction (p in the scale of Assume there is one group of subjects suffering from some mental disease, for example ADHD and another group of matched healthy controls.
Denote these two groups as P and H respectively. For each subject, the whole brain is parcellated into N=90 regions and the representative signal for each region has been extracted in each ROI. The 90×90 correlation matrix as mentioned before was obtained for each subject. The population level network can be obtained by summarizing all individual networks in ADHD and Control groups respectively and thresholding them into binarized matrices. Now our task is to detect those links, or circuits, that appear at significant different frequencies in patients and healthy controls.
Let's start from a particular link. Denote the total number of patients and healthy subjects as P N and H N respectively, and assume that this link appears at probability p in patients, and q in healthy controls. Further assume the independence among subjects. Then the numbers of patients/healthy controls with this link follow binomial distributions 
FDR. An alternative correction method for multiple comparisons is
false discovery rate (FDR) procedure, which is less conservative than Bonferroni correction. In the analysis of this paper, the false discovery rate (FDR), is used to identify significant links. The score threshold will be 1 ( ) Increasing population size will certainly increase the statistical power, as shown in Fig. S2 . Once a score threshold is fixed, some links can be picked up as significantly altered and we can go into further follow-up analysis. Specifically, these links can form a network, marking the difference between patients and healthy controls more significant. Larger population size will help reduce this error probability.
A particular question will be the reproducibility of the network in a different dataset. Basically, for a particular link, one is concerned with the . If this error probability is large, the resulting network is not stable and quite likely to be messed up when testing on a different dataset. If it is small for most of the links, the network should be reproducible. It is clear that this probability depends on both the population size and the distance from the score to the threshold. Links with scores close to the threshold have larger probability to vary in dif-ferent studies while those with score far from the threshold are more stable. In our network, the error probability 0.05 error P < accounts for over 95.5 percent of links.
Source Locations
To examine whether each inter-voxel correlation differed significantly between healthy controls and ADHD patients, two-sample t-tests were performed for all inter-voxel correlations. Prior to the t-tests, a Fisher's r-to-z transformation was utilized to convert each correlation coefficient 
DISCUSSION
The novel approach adopted here to identify altered functional circuits in the brains of ADHD patients has proved to be very informative. The approach is completely different from existing methods: seed-based analysis and independent component analysis and makes no assumptions about which circuits might be altered or that brain regions are independent of one another. Furthermore, our approach is similar to the GWAS approach, we have set a very strict test to assess the statistical significance of each found circuits. Our approach has identified the so called salience network, as the one showing the largest change in the whole dataset, although similar major changes also occurred in other three circuits.
This involvement of the salience network has not, to the best of our knowledge, been found in previous studies. Interestingly, some of the main circuitry identified by other studies using an a priori seed-based approach, such as the links related to the putamen and caudate etc. (4, 5),
was not found to be altered consistently in both patient groups. A link between the amygdala and hippocampus was present in BWAS approach, but absent after validations. Using a seed-based approach, Tian et al. (21) demonstrated that individuals with ADHD had increases in connectivity between the dorsal ACC and the frontoinsular cortex, the thalamus and the cerebellum. The dataset they used is actually a subset of ours. A subsequent study (22) views can be well explained and unified with our findings here. We have mentioned above that the salience network is essentially served as a dynamical switcher between two states: executive and default. They can be spontaneously activated and integrated by situational stimuli that, for the given individual, provide sufficient intrinsic satisfaction or threat to stimulate and sustain response. Due to the increasing link in the salience network, the network is easier to switch to the executive network, and hence harder to inhibit.
The saliency network may be involved in the control of other behaviors influenced by ADHD (see (18) for a review). Notably, individuals who have lesions on the insula can not update their prediction frameworks, but having the ability to judge the probability of events (31) . The same brain regions also appear to be involved in prediction error and during risk evaluation predicted subsequent decision-making, as reported in (18) which implies that the insula plays a role in not only evaluating but also updating the probabilities of an outcome (32) (33) (34) (35) . The ACC is unlikely to be the sole region for cognitive control, but it plays a critical role in updating the prediction models and has been shown to be involved in both social and reward related associative learning (36) (37) (38) .
The molecular and cellular basis of the saliency circuit is also well (50) . A recent study (51) further suggests that it is not the dopamine transporter levels that indicate ADHD, but the brain's ability to produce dopamine itself. The study was done by injecting 20 ADHD patients and 25 controls with a radiotracer that attaches itself to dopamine transporters. The study found that it was not the transporter levels that indicated ADHD, but the dopamine itself. ADHD subjects showed lower levels of dopamine across the board. They speculated that since ADHD subjects had lower levels of dopamine to begin with, the number of transporters in the brain was not the telling factor. In summary, the insular dysfunction model of psychosis based on the salience network is con-sistent with the dopaminergic hypothesis of psychosis. Thus, the salience network provides a candidate cortical framework that is consistent with and builds on the existing dopaminergic hypothesis of ADHD. Despite the successful story as described above on dopaminegic relationships with the salience network, a GWAS approach to identify genes responsible for ADHD has proved less successful. Although twin and family studies have shown ADHD to be highly heritable, genetic variants influencing the trait at a genome-wide significant level has be carried out in (52) . In a meta-study used data of sample size consisted of 2,064 trios, The main focus of this study was to identify functional pathways altered in a large population of patients who were currently suffering from ADHD in order to try and help establish which ones are most strongly linked with ADHD per se. There were clearly a large number of differences between the patient groups which emphasizes the importance of not basing analyses of potential brain correlates of ADHD on a single type of patient group. In our study, we regress out the difference between gender difference, but we have not separated the gender groups. This is certainly an important factor that we have taken into account in our future study. 
S1. Healthy template
A visualization of the six-community healthy controls and patients is shown in Fig. S1 , where different colours correspond to the six communities as described in the main text (see Fig. 2A ). The link between the corresponding brain regions of the left and right hemisphere is always there. 
S2. Alternative BWAS meta-analysis:
Alternatively, we can carry out the analysis as in the flow-chat in Fig. S4 where we treat the NYU and PU group independently. As indicated, the saliency network survives as the only altered link. S3. Table S1 . Table S1 (without correction). 
